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Abstract

Many species engage in mutualistic relationships with other species. The physiologi-
cal mechanisms that affect the course of such social interactions are little under-
stood. In the cleaning mutualism, cleaner fish Labroides dimidiatus do not always act
cooperatively by eating ectoparasites, but sometimes cheat by taking bites of mucus
from so-called “client” reef fish. The physiological mechanisms in these interspecific
interactions, however, are little studied. Here, we focussed on three neuromodula-
tor systems known to play important roles in intraspecific social behaviour of verte-
brates to examine their role in clients’ interspecific behaviour. We subjected the cli-
ent fish Scolopsis bilineatus to ectoparasites and the exogenous manipulation of the
vasotocin (AVT), isotocin (IT) and serotonin systems to test how this affects client
willingness to seek cleaning and client aggression towards cleaners. We found that
that a single dose of AVT agonist and a selective antagonist caused clients to seek
proximity to cleaners, independently of ectoparasite infection. In contrast, in a direct
encounter task, the selective blocker of serotonin 5HT,a/:c receptors, Ketanserin
(KET), made client reef fish more aggressive towards cleaners in the absence of
cleaners’ bites of mucus. IT did not yield any significant effects. Our results suggest
that the AVT system plays a role in social affiliation towards an interspecific partner,
while the serotonin system affects clients’ acceptance of level of proximity to cleaner
fish during interactions. These two systems, therefore, were apparently co-opted
from intraspecific social interactions to affect the course of interspecific ones also.
Keywords: Labroides dimidiatus; Scolopsis bilineatus; gnathiid parasite; aggression;

interspecific social interaction; social preference.



INTRODUCTION

Social behaviour within species has long been a research focus in animal behaviour.
A large group of chemical compounds that act centrally as neuromodulators act as
proximate mechanisms by regulating social interactions either on short time scales
(Hessler and Doupe, 1999; Hoare et al., 2004) or via life history effects (Ricklefs and
Wikelski, 2002; Wingfield et al., 1998). Many of these compounds also act peripher-
ally, regulating physiology and homeostatic processes (Adkins-Regan, 2005;
Grinevich et al., 2016; Reeder and Kramer, 2005; Ricklefs and Wikelski, 2002;
Wingfield et al., 1998). The function of many of these neuromodulators has appar-
ently been conserved in evolution as they often yield similar responses within specif-
ic social contexts across species (see review O’Connell and Hofmann, 2011). Neuro-
modulators yield behavioural plasticity according to social context by affecting the
output of neural circuits (Taborsky and Oliveira, 2012). Plasticity in output can be
achieved in various ways, like changes in structural organisation (i.e. synaptic plastic-
ity, receptors distribution and neural density), biochemical switching (i.e. interaction
between neuromodulators) and social context feedback on endogenous levels of
neuromodulators (see review by Oliveira, 2009).

The neuropeptides that have been studied extensively to explain the fine-
tuned regulation of social behaviour are those classified as neurohypophysial pep-
tides, especially the mammalian arginine vasopressin (AVP) and its non-mammalian
homologue arginine vasotocin (AVT), and oxytocin (OT) and its non-mammalian
homologue isotocin (IT). Both neuropeptide groups AVP/AVT and OT/IT can have pe-

ripheral hormonal effects and central neuromodulation effects (see review by Stoop,



2012). AVP/AVT has two types of receptors, the V1-type and the V2-type (V1a, Vib
and V2 in mammals, Birnbaumer, 2000; V1a and V2 in fish, Kline et al., 2011; Konno
et al., 2010; Lema et al., 2012). The system has multiple physiological roles. For ex-
ample, AVP/AVT acts as a hormone in osmoregulation via vasoconstriction (Balment
et al., 2006; Johnston et al., 1981; Schrier, 2006) and acts as a neuromodulator regu-
lating intraspecific social behaviour. The expression of AVP receptors has been
shown to vary with social context, both within species as well as within a population
(Cushing et al., 2001; Phelps and Young, 2003). For example, AVT can modulate the
aggressive behaviour in the bluehead wrasse especially via the AVT Vla receptors
depending on the established territoriality of the treated individuals (Semsar et al.,
2001). AVT may also affect behaviour via changes in concentration: in zebrafish, AVT
has a U-shaped dose-dependent anxiolytic effect (Braida et al., 2012). Moreover, the
neuronal densities are an important factor to consider since the behavioural out-
come of AVT expression can differ in intensity regarding this factor. For example, ag-
gressive behaviour in butterflyfish correlated positively with AVT neuron numbers
(Dewan and Tricas, 2011).

OT/IT has strong structural and some functional similarities with AVP/AVT (Landgraf
and Neumann, 2008). OT/IT plays primarily a physiological role as a hormone (OT in
initiation of labour and lactation, Fuchs et al., 1982; Fuchs and Fuchs, 1984; Parker et
al., 1991, and IT in osmoregulation and circadian cycles, Kleszczyriska et al., 2006;
Gozdowska et al., 2006). However, from a behavioural perspective, the OT/IT
neuromodulator underpins affiliative behavior depending on species, doses and so-
cial context. For example, in chimpanzee, endogenous OT increases after grooming

but only with strongly bonded partners (Crockford et al., 2013). The behavioural ef-



fects of exogenous IT in fish are difficult to interpret: in goldfish, a single dose of cen-
trally infused IT had partly opposing effects depending on whether subjects were
more or less social to begin with (Thompson and Walton, 2004). In the cichlid Neo-
lamprologus pulcher, IT injections affected territorial aggression as a positive func-
tion of opponent size and also caused more submissive behaviour (Reddon et al.,
2012) while high and low dosages of IT (but not an intermediate dosage) caused re-
duced associations with conspecifics in a second study (Reddon et al., 2014). Also in
N. pulcher, endogenous brain IT correlated positively with social affiliation and

grouping behaviour (O’Connor et al., 2016).

In addition to the abovementioned neuromodulators, a well-studied system
is the serotonergic pathway with its wide role in physiology (see review by Jonnakuty
and Gragnoli, 2008) and in social behaviour regulation (Kiser et al., 2012; Montoya et
al., 2012). Serotonin (5-HT) is a neurotransmitter that is mainly considered as an an-
ti-depressant molecule in humans (see review Young, 2013). Many data show that
serotonin is involved in regulating aggressive behaviour, regardless of species/taxa
(humans, Kuepper et al., 2010; mice, Audero et al., 2013; birds, Dennis et al., 2013;
reptiles, Summers et al., 2005 and fish, Weinberger Il and Klaper, 2014).

Studies on the neuromodulation of social behaviour have tended to focus on
social systems in an intraspecific context (Balment et al., 2006; Bernstein et al., 1983;
Donaldson and Young, 2016). Whereas, interacting socially with heterospecifics
might also be vital for some species. For example, many reef fish species improve
their growth, body condition and population densities by interacting with marine

cleaning organisms (Waldie et al 2010, Ros et al. 2011, Wagner et al. 2016). Howev-



er, how proximate physiological mechanisms might mediate social behaviour in in-
terspecific social interactions is relatively less-studied.

An interesting animal social system is the well-studied mutualistic marine
cleaning system of the cleaner wrasse Labroides dimidiatus. It consists of iterative
interactions between a specialized wrasse and its partners, which include a highly
diverse range of reef fishes. Fish clients frequently seek contact with L. dimidiatus to
benefit from their cleaning service where cleaners feed on client ectoparasites and
dead tissues off the client’s skin (Grutter, 2000). Despite this, a conflict of interest
can arise and threaten the stability of the relationship, as cleaner wrasse have a high
preference for client’s mucus (Grutter and Bshary, 2003). Cleaners may therefore
cheat their clients by eating their mucus, an act that correlates with a client jolt im-
mediately after a cleaner wrasse mouth contact (Bshary and Grutter 2002).

Several studies have assessed how specific neuromodulator systems affect
cleaning behaviour in the cleaner wrasse, and hence levels of cooperation. Findings
vary from inciting treated cleaners to engage more often in cleaning interactions
(serotonin system, Paula et al.,, 2015; dopamine system, Messias et al., 2016) to
suppressing the cleaners’ willigness to clean (AVT system, Soares et al., 2012).
However, no effects are detected in cleaners treated with the IT neuromodulator
(Cardoso et al., 2015; Soares et al., 2012). The cleaners’ willingness to cheat was only
affected by manipulation of cortisol levels (Soares et al., 2014).

Clients cannot adjust their own levels of cooperation during interactions as
their role is relatively passive, but they may affect the levels of cooperation ex-
pressed by cleaners. For example, clients decide to seek cleaners as a function of ec-

toparasite infection presence (Grutter 2001) and correlated physiological changes



(Triki et al., 2016), and they may respond to observations and/or experiences of
cheating by cleaners with evasive actions like avoidance, flight and aggressive chas-
ing (Bshary & Grutter 2002, Pinto et al. 2011). The role of neuromodulators in the
clients’ behaviour, however, remains unstudied, with the exception of Ros et al.
(2012) who showed that blocking cortisol lead to reduced cleaner-visit frequencies.
Whether other endocrine systems, known to influence intraspecific social behaviour
in other organisms, may also affect client decisions in interactions with cleaners re-
mains unexplored.

Here, we investigate how the exogenous manipulation of AVT, IT and sero-
tonergic systems modulates clients’” mutualistic behaviour. First, we hypothesised
that AVT could affect client’s interest to seek or invite for a cleaning interaction. Se-
cond, the IT system might have no role in interspecific social decisions as IT effects
are so far only demonstrated in conspecifics (Reddon et al., 2014; Thompson and
Walton, 2004). Finally, we chose the serotonergic system as a potential mediator of
aggression in fish (Perreault et al., 2003; Weinberger Il and Klaper, 2014). Serotonin
has an inhibitory effect on impulsive aggression via the 5-HT, receptors (Coccaro and
Kavoussi, 1997). And in order to estimate the well-documented client decisions to
punish cleaners (Bshary et al. 2008), we hypothesised that 5-HT, receptors blockade
would increase aggression.

To investigate the role of the aforementioned neuromodulator systems, we
used the neuropeptide AVT and the selective blocker the AVT V1a receptor antago-
nist (Manning compound; see review by Manning et al., 2012), the neuropeptide IT,
and ketanserin (KET) - a potent selective antagonist of serotonin receptors (Whitaker

et al,, 2011) involving the 5-HT2A/2C receptors (Leysen et al., 1982). The treated fish



were assigned to a laboratory experimental design that included two parts: (i) The
first tested these neuromodulators, in interaction with exposure to parasites, using a
choice task between two social stimuli (a cleaner wrasse and a non-cleaner wrasse).
Parasite exposure was used because Grutter et al. (2001, 1999) showed that it is a
key motivation for the client fish to seek an interaction with the cleaner wrasse. (ii)
The second part consisted of direct cleaner-client interactions. We tested whether
the neuromodulator systems of interest (AVT, IT, and serotonin) modulate a client’s
decision-making during encounters with cleaners, i.e. their willingness to invite for
inspection, their willingness to allow interactions to continue, and their willingness

to flee from them or aggressively chase and punish cleaners in response to cheating.



MATERIAL AND METHODS

FIELD SITE AND ANIMALS

The experiments were conducted at Lizard Island Research Station, Great Barrier
Reef, Australia (14°40'08.0 S 145°27'34.0 E). During the period of August-September
2013, using barrier-nets and hand-nets, we caught 80 monocle bream Scolopsis bi-
lineatus as client fish, 16 cleaner wrasse Labroides dimidiatus as the cleaner fish, and
16 pinstripe wrasse Halichoeres melanurus as the non-cleaner fish (the latter follow-
ing Grutter 2001). These species were chosen because they were highly abundant on
the reef. H. melanurus was chosen as a control stimulus for L. dimidiatus as this spe-
cies is a non-cleaning wrasse species that has a similar size and shape to the cleaner

wrasse.

Aguaria were mounted under shelters to protect fish from direct sunlight, were pro-
vided with continuously fresh seawater from the nearby reef, and were continuously
aerated. In each aquarium, polyvinylchloride pipes (10 x 20 cm) were provided as
shelter. S. bilineatus were housed individually in a blue opaque plastic bin (67 x 44 x
42 cm), which had a transparent window (20 x 20 cm) on the front to facilitate be-
havioural observations. Glass aquaria (67 x 37 x 38 cm) were used to house L. dimid-
iatus and H. melanurus, individually. S. bilineatus were daily fed with prawns pieces
and both wrasses were fed with mashed prawns smeared on plastic plates (7 x 7

cm). Wrasse and S. bilineatus were acclimatized for 6 days prior to being tested.

NEUROMODULATORS” MANIPULATION



We had 5 treatments involving different compounds dissolved in saline: (a) the neu-
ropeptide arginine vasotocin acetate-salt (AVT, V0130-Sigma), (b) isotocin (IT, H-
2520-Bachem), (c) the V 1a receptors blocker the Manning compound (MC, V2255-
Sigma), (d) the selective 5HT 2A/2C receptors antagonist ketanserin (+)-tartrate (KET,
S006-Sigma), or (e) as a control, saline only. These compounds were injected intra-
muscularly, directly before each task. Each animal received in total three injections,
from one of the 5 treatments, over the 5 days of experimentation. Two injections
were linked to the first experiment that involved a client seeking the proximity of a
cleaner when infected with parasites or uninfected, and the third injection was
linked to the second experiment, which tested client behaviour during actual inter-
actions with a cleaner. Dosages for AVT, IT and MC were 0.5 pg of the neuromodula-
tor per gram of body weight (adapted from study by Santangelo and Bass, 2006). S.
bilineatus weight was estimated from linear regression function from the body
length (Nusbaumer et al., unpublished data). We used solutions of 1 mg of each
compound dissolved in 5 ml of saline. For KET, the dosage was 10 ug per gram of
body weight, using a solution of 20 mg in 95% saline and 0.5% ethanol (adapted

from study by Whitaker et al., 2011).

EXPERIMENTAL SET-UP

Fish capture and experimentation was done in 4 separate periods, each for a period
of 12 days: 6 days of acclimatization for all fishes, 5 days for the experiment, and at
day 12 we tagged the fish by injecting subcutaneous visible implants (Northwest Ma-

rine Technology, INC) to avoid recapture of the same individuals, and we released



them to their respective site of capture. In each period, we tested 20 S. bilineatus,
and had four L. dimidiatus and four H. melanurus as stimuli. Directly after capture,
fish were deparasitized using a freshwater bath for three minutes (Jones and
Grutter, 2005) followed with an anti-helminthic bath of Praziquantel overnight with

aeration (ICN Biomedicals Inc., Aurora, OH, USA) (1:100,000).

Clients’ preference test

This test was adapted from a design by Grutter (2001). Similar to her design, two
large oval tanks (215 x 100 x 50 cm) were used: one with cultured gnathiid isopod
ectoparasites and the other free of gnathiids at Lizard Island Research Station
(Grutter, 2001). Gnathiids swim freely in the tank culture in search of hosts, whom
they attack and feed on their blood (Grutter 2003). The species S. bilineatus is a rela-
tively common host of gnathiid isopods at Lizard Island (Grutter, 1994). In each long
side of the tank, a transparent aquarium (67 x 37 x 38 cm) was mounted. During tri-
als, one L. dimidiatus and one H. melanurus were already held in each of the test
aquaria inside the tank before introducing the focal individual in the tank (Fig. 1).
Prior to each trial, the focal individual received an injection with the test compound
and was placed in the middle of one of the test tanks where both social stimuli the
cleaner and the non-cleaner wrasses were visible but not accessible through the
glass aquaria inside the tank. The focal fish behaviour was recorded for 30 min with a
GoPro® Hero2 camera mounted above the tank. We chose a 30 min test duration
since we were testing fast-acting neuromodulators. The order of treatments and the
placement of stimuli fish were counter-balanced. After each trial, fish from the para-

site-exposure treatment were captured and kept in a bucket with seawater and air-



flow for 30 min. This allowed attached gnathiids to finish their blood meal and to
drop off. As a last step before returning fish back to their aquaria we put them brief-
ly (1 min) in a bucket with freshwater to remove any potentially remaining attached
gnathiids. Control fish were treated in a similar way. Finally, we counted detached
gnathiids and returned them to the parasite culture tank. No gnathiids were found
on the control fish. The parasite load was estimated as the density of parasites per
body surface area. Body surface area was estimated using In(area)= 2.19 + 0.67
In(weight) for S. bilineatus (Grutter, 1994). Each focal individual was tested in both

test tanks with a 4 days interval period between the two tests.

Cleaner-client interaction test

To test the effects of neuromodulator treatment on direct interactions between cli-
ents and cleaners, the L. dimidiatus individual was released in the holding bin of its
respective client S. bilineatus from the previous test. Before releasing the cleaner,
the S. bilineatus received the same treatment injection it had received when it was
tested for its interspecific social preferences. Behaviour was recorded for 15 min us-

ing a cam-recorder Handycam® Sony HDD placed in front of window of the bin.

BEHAVIOURAL ANALYSIS
Behaviour was analysed from videos using the software CowlLog (Hanninen and Pas-
tell, 2009). In the “clients’ preference test” we quantified the time spent by the focal

fish in the designated zones around each of the two stimulus fish. For this purpose,



the tank was divided in three zones: the side around L. dimidiatus, the side around
H. melanurus, or the middle of the tank (Fig. 1). We measured client’s willingness to
be with the cleaner wrasse by calculating the time spent on the cleaner wrasse side
divided by the total time spent on either the cleaner wrasse side and the non-
cleaner wrasse side (a proportion). The resulting index could thus vary from zero to

1, with 0.5 defined as a random choice.

In the “cleaner-client interaction test”, we analysed the behavioural interactions be-
tween the two fish. Here we calculated: (i) total duration of the cleaner’s interac-
tions; (ii) quality of the cleaner’s interactions: duration of the tactile stimulations
provided by L. dimidiatus per total cleaner interaction duration; number of client
jolts caused by cleaner fish mouth contact; (iii) aggressive punishment of the clean-
er: frequency per interaction duration of chasing behaviour following clients’ jolts
(Bshary and Grutter, 2002); (iv) unprovoked aggression: chasing behaviour that oc-
curred in the absence of previous client jolting; and (v) spontaneous aggression:

chasing behaviour that occurred outside the cleaner-client cleaning interaction.

DATA ANALYSIS

Statistical analyses were conducted with the software RStudio© (version 3.0.2.
2013-09-25). We employed parametric tests in instances where the assumptions of a
normal distribution and homogeneity of variance were met. We used linear mixed
effect models (LME) from the package (nlme). In the models, the identity of the cli-
ents and the cleaners were classified as random factors in the client’s preference
test and the client-cleaner interaction test, respectively. For the client’s preference

task and the response “Client willingness to spend time next to a cleaner wrasse”,



we tested for the effects of neuromodulator treatment, parasite treatment, and the
interaction between the two. If non-significant, the interaction term was then
dropped from the model, and the model re-analysed for contrasts by calling the
summary () function.

For the client-cleaner interaction task, we tested for the impact of neuro-
modulators on the different cleaning behaviours (cleaning duration, the proportion
of the provided tactile stimulations, and the different aggressive behaviours). Pro-
portion data from the client’s preference test (proportion of time spent next cleaner
wrasse) and from the client-cleaner interaction test (client-cleaner interaction dura-
tion and duration of receiving tactile stimulations from the cleaner wrasse) were
transformed using the arcsine square root. The skewed frequency of unprovoked
aggression data from the client-cleaner interaction test was power transformed. For
data where the assumptions for the parametric tests were not met (punishment and
spontaneous aggression), we opted for the nonparametric test of one-way Kruskal-

Wallis analysis of variance from the Agricolae Package (R language, version 1.1-8).

Results

Clients’ preference test

There was no significant interaction between the neuromodulator and parasite
treatments on the willingness of S. bilineatus to be on the side next to the cleaner
(Two-way ANOVA: X?(4,71) = 1.68, p=0.792). After excluding the interaction term
from the model, the effect of parasite treatment was not significant (LME: t(75) = -
0.52, p=0.599). In contrast, the effect of the neuromodulator treatment AVT was

significant (LME: t(74) = 2.47, p=0.015; Fig. 2) with AVT appearing to cause a signifi-



cant increase in client willingness to seek a cleaner. The other compounds showed
no significant effect, though there was a nearly significant tendency that MC might
also increase the clients’ willingness to seek cleaners (LME: IT: t(74) = 0.70, p = 0.485;

MC: t(74) = 1.98, p=0.051; KET: t(74) = 1.46, p=0.148; Fig. 2).

Client-cleaner interaction

On average, a large proportion of the cleaning service offered by the cleaner wrasse
when in direct contact with the clients involved tactile stimulation (interaction dura-
tion: N=72 clients; mean + SE 382.85 + 33.67 seconds; percentage of time spent
providing tactile stimulation per interaction: mean * SE; 32.40 + 3.73 %). The fre-
guency of mouth contacts was relatively low (mean + SE; 2.37 + 0.28 mouth contact
per 100 seconds of interaction, N=72), and consequently the frequency of jolts was
low as well (mean + SE; 0.27 + 0.07 mouth contact followed by jolt per 100 seconds
of interaction). No fleeing behaviour in response to cleaners’ cheating, nor client fish

posing, was observed.

The client-cleaner interaction duration (LME: IT: t(52)= -0.56, p=0.575; KET:
t(52)=0.44, p=0.655; MC: t(52)= -0.06, p=0.950; AVT: t(52)=0.36, p=0.717; Fig. 3a)
and the proportion of time providing tactile stimulation (LME: IT: t(52)= -0.48,
p=0.627; KET: t(52)=1.29, p=0.201; MC: t(52)= -0.32, p=0.746; AVT: t(52)=0.78,
p=0.436; Fig. 3b) were unaffected by the neuromodulator treatment. Neuromodula-
tor treatment did not affect spontaneous aggression that occurred outside the
cleaner-client interaction (One-way Kruskal-Wallis test: x> (4)= 4.09, IT vs. control:
p=0.23; KET vs. control: p=0.80; MC vs. control: p=0.74; AVT vs. control: p=0.23; Fig.

4a). However, unprovoked aggression was affected by the neuromodulator treat-



ment, with the group of fish treated with KET having significant increased levels of
unprovoked aggression (LME: KET: t(52)=2.55, p=0.0137), while the other treatments
had no significant effect (IT: t(52)=0.05, p=0.9559; MC: t(52)=0.71, p=0.4782; AVT:
t(52)=-1.04, p=0.3021; Fig. 4b). We found no significant changes in punishment be-
haviour of clients as a function of neuromodulator treatment (One-way Kruskal-
Wallis test: x* (4)= 2.14, IT vs. control: p=0.84; KET vs. control: p=0.89; MC vs. con-

trol: p=0.89; AVT vs. control: p=0.28; Fig. 4c).

DISCUSSION

This study aimed to explore how a set of neuromodulator pathways underpins inter-
specific social behaviour of a client reef fish in.a marine cleaning mutualism system.
Specifically, we tested the involvement of these neuromodulators in clients’ deci-
sion-making to seek cleaner wrasse proximity with and without parasite infection,
their willingness to invite a cleaner for cleaning interaction, their willingness to in-
teract longer with a cleaner and their expression of potential aggression by punish-

ing biting cleaners in direct encounters.

Clients’ preference to seek a cleaner proximity

Our findings show that the single dose of the neuromodulator AVT positively influ-
enced the willingness of clients to be near a cleaner wrasse. Surprisingly, its selective
blocker, the AVT V1a receptors blocker MC, instead of having an opposite outcome
to the AVT agonist, yielded a similar effect. This is not the first time that AVT and MC
have yielded an effect in the same direction: in zebrafish the two compounds de-
creased individuals’ sociality (Lindeyer et al., 2015), while in the cleaner wrasse they

decreased cleaning inspection durations of their clients (Soares et al., 2012). One po-



tential explanation that needs further investigation is that the V2 receptors might
play a key role for the expression of clients seeking cleaners: in that case, blocking
the V1A receptor with the antagonist could have caused a similar increase in AVT
binding to V2 as did the injection of AVT. However, as clients’ AVT basal levels were
unknown, and since AVT has dose-dependent effects (Santangelo and Bass, 2006),
our findings following exogenous manipulation with single doses of AVT and MC are
currently preliminary. Alternatively, exogenous and endogenous AVT might have op-
posite effects and therefore administering exogenous AVT or blocking endogenous
AVT may have yielded similar effects. Clearly, the association between AVT and so-
cial behaviour is rather complex as AVT is not restricted to a singular role but rather
acts as a multitask neuromodulator that is strongly fine-tuned by the social environ-
ment (Goodson and Bass, 2001; Greenwood et al., 2008; Santangelo and Bass, 2006;
Semsar et al., 2001; Soares et al., 2012). Indeed, in the cleaning mutualism system
the same AVT and MC injections in cleaners can facilitate social approach in an intra-
specific context towards partners, but inhibit interaction initiations of cleaners with
clients in an inter-specific context (Soares et al., 2012). AVT is known as well for its
role in affecting social behaviour in other contexts than social affiliation. For in-
stance, respectively AVT and MC increased and/or decreased aggression in damsel-
fish (Santangelo and Bass, 2006) and territoriality as a function of the social status in
the blueheaded wrasse males (Semsar et al., 2001), while brain AVT expression in
males of a territorial African cichlid was higher in the posterior preoptic area than in
the anterior preoptic area, and the opposite was true for non-territorial males
(Greenwood et al., 2008). Thus, the emerging picture is that AVT has diverse effects

depending on species and social context. The main conclusion from our study is that



manipulation of the AVT system by giving an agonist or an antagonist affects the cli-
ent decision-making process regarding the approach of cleaners, which shows that
the AVT system is involved in the regulation of interspecific interactions. AVT and its
V1A receptor blocker made clients seek cleaners over non-cleaners.

There was no significant effect of the IT system on the client’s preference to
be near a cleaner wrasse. In addition to the similar findings of Cardoso and col-
leagues (2015), our study suggests that the IT system does not play a role in the reg-
ulation of a marine cleaning mutualism. However, other research conducted on
IT/OT systems confirms their involvement in intraspecific social behaviour (see
reviews by Campbell, 2008; Lukas et al., 2011; Reddon et al., 2012; Thompson and
Walton, 2004). Therefore, the IT system may mediate social behaviour exclusively in
individuals with strong established social bonds and hence be tightly linked to an in-
traspecific context (i.e., in monogamous prairie voles: Insel and Hulihan, 1995;
Burkett et al., 2016; and in squirrel monkeys: Winslow and Insel, 1991), except for
peculiar interspecific contexts like between dogs and humans (Odendaal and
Meintjes, 2003). The individuals tested in the present study are most likely strangers
to each other, which excludes any prior established social bonding. An alternative for
future research would be to study the IT system in familiar individuals such as a
cleaner wrasse with its resident clients, as it has been shown that relationships have
to be established first for normal cleaning interactions to occur (Bshary, 2002).

The selective blocker of the serotonin receptors KET showed a non-significant
effect in influencing clients to seek cleaners. Seeking of cleaners may be expected if
the serotonergic function in intraspecific social behaviour has indeed been co-opted

for interspecific social interactions, as suggested by our results on client aggression



towards cleaners (see discussion below). As with IT, it would be interesting for future
studies to evaluate the potential role of serotonin in clients that are exposed to
cleaners with whom they have established relationships.

Ectoparasites had no significant effect on client choices. Overall, clients did
not prefer to seek cleaners over non-cleaners in the parasite infection treatment,
independently of the administration of neuromodulators. This is in contrast to an
earlier study in which the client reef fish Hemigymnus melapterus, in a similar de-
sign, displayed high preference towards cleaners over non-cleaners in the parasite
treatment (Grutter, 2001). In that study, a prior acclimatization period in the parasite
and control tanks occurred (1 day), whereas in the present study there was no accli-
matization period. Furthermore, H. melapterus were held in captivity in for a 5
month period, whereas, here, S. bilineatus were held for only 6 to 10 days in captiv-
ity before testing. The differences in results could thus be due to the use of different
client species but alternatively due to our fish being more stressed by the procedure

(Grutter and Pankhurst, 2000).

Clients’ direct interactions with cleaners

None of the neuromodulators affected the time clients spent interacting with clean-
er wrasse. However, these results do not necessarily contradict the results from our
first experiment as cleaners rather than clients may be the main decision-makers
about interactions in a confined aquarium. More importantly, the manipulation of
the serotonergic system with KET affected clients’ unprovoked aggression, i.e. ag-
gression towards cleaners that were either approaching or behaving cooperatively.
In the latter case, cleaners were often attacked aggressively by clients while cleaners

provided them with tactile stimulation using their pelvic fins, a behaviour that is



normally beneficial to clients as it reduces stress (Soares et al., 2011). Our outcomes
fit previous findings on serotonin role in mediating aggressive behaviour in fish,
bluehead wrasse receiving an agonist of serotonin exhibited lower levels of aggres-
sion towards conspecific intruders (Perreault et al., 2003). In contrast to unprovoked
aggression, spontaneous aggression and aggression in response to own jolts, cheat-
ing by cleaners was unaffected by neuromodulator treatment. The latter result is not
conclusive, however, as the low number of total jolts prevented the possibility for
significant results. Thus, our study did not allow us to evaluate whether any of the
substances tested modulates client decisions on punishing cheating cleaners.

Not much is known about the serotonergic system in fish, especially regard-
ing receptors and their distribution. In several vertebrate species including humans,
many serotonin receptors are indeed involved in modulating aggressive behaviour
(Higley et al., 1996; Kuepper et al., 2010; Liechti et al., 2000). Acting selectively on
specific receptors may increase or decrease aggression depending on the adminis-
tered molecule and the social cue (Summers et al., 2005). Our findings suggest that
the neurotransmitter serotonin system mediates client’s tolerance to close contact
with cleaners. However, it remains unclear how exactly the serotonin system is acti-
vated before and/or during the cleaning interactions.

The other neuromodulators tested did not affect the course of interactions
between cleaners and clients. This contrasts with previous manipulations of cleaner
fish physiology, in which the AVT system had a major effect on the cooperative quali-
ty of the cleaners (Cardoso et al., 2015; Soares et al., 2012). However, the behav-
ioural role of AVT could rely on the phylogeny of the system and on the context. For

instance, in the cleaner wrasse brain, more precisely in the gigantocellular preoptic



area, the AVT neurons are rare and less dense compared to a non-cleaner wrasse
(Mendoncga et al., 2013). Also, injecting neuropeptide AVT into different fish species
and assigning them to the same behavioural task can yield different behavioural re-
sponses (Perrone et al., 2010). Thus, the comparison of neuromodulator manipula-
tion outcomes from different species and taxa should be conservative (see review by

Goodson and Bass, 2001).

Conclusions

Our findings provide new insights into how different neuromodulator pathways un-
derpin social behaviour in interspecific social interactions. Even after a relatively
short period of acclimatization, the AVT system mediates clients’ willingness to seek
a cleaner wrasse. Our results fit previous evidence that the AVT circuits may modu-
late the behavioural output in non-linear ways (Braida et al., 2012; see review
Godwin and Thompson, 2012; Santangelo and Bass, 2006), which makes predicting
the direction of effects very difficult. As a consequence, in future studies it will be
helpful to quantify the endogenous baseline levels of AVT to better interpret the ef-
fects of manipulations. Our other major result was that the serotonergic system ap-
pears to affect the course of interactions by regulating client tolerance to proximity
to cleaners. In conclusion, it appears that systems that have evolved to regulate in-
traspecific social behaviour have been co-opted to also regulate interspecific social

behaviour, though precise predictions about effects remain unresolved at this point.
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Figures captions:

Figure 1. The experimental setup for the clients’ preference test. Experimental
tanks (234 x 124 x 53 cm) contain: two social stimuli: a cleaner wrasse and a non-
cleaner wrasse, held in separate glass aquaria (64 x 30 x 40 cm) at opposite ends of
the tank and two boxes in the middle (58 x 38 x 33 cm) filled with dead coral rubble
used as shelter for gnathiids in the parasite tank and left empty in the non-parasite
tank. The choice behaviour of the treated client reef fish was recorded for 30
minutes with a camera attached 65 cm above the tank surface. Dashed lines show

the three areas used in the analyses of client fish choice.

Figure 2. Clients’ preference to seek a cleaner proximity. Boxplots of median, inter-
guartile and ranges of: percentage of time recorded for client fish in the cleaner

wrasse’s side per rate of time spent on either cleaner side or non-cleaner side in the



choice tank. Dashed line shows the prediction of the null hypothesis that clients
choose randomly in the control group and it is represented as 50% of time in each
wrasse side. Neuromodulator treatment abbreviations are: IT, isotocin; KET, ketan-

serin; MC, manning compound; AVT, arginine vasotocin. *: p <0.05.

Figure 3. Clients’ direct interactions with cleaners. Boxplots of median, interquar-
tile and ranges of: (a) the interaction duration in seconds and (b) the proportion of
the time spent giving tactile stimulation during these interactions in the five groups
of treatments. Neuromodulator treatment abbreviations are: IT, isotocin; KET, ket-
anserin; MC, manning compound; AVT, arginine vasotocin. n.s.: non-significant dif-

fernces.

Figure 4. Clients’ aggressive behaviour towards cleaners in direct interactions.
Boxplots of median, interquartile and ranges of (a) spontaneous aggression, the fre-
guency of attacks occurring in 100s time duration of no-interaction, (b) unprovoked
aggression, in 100s time duration of interaction and (c) provoked aggression, the
rate of clients attacking cleaners directly after mouth contact estimated as the per-
centage of attacks per rate of client’s jolts; red dots show the data points. Neuro-
modulator treatment abbreviations are: IT, isotocin; KET, ketanserin; MC, manning

compound; AVT, arginine vasotocin. *: p <0.05. n.s.: non-significant differnces.



References

Adkins-Regan, E., 2005. Hormones and animal social behavior. Princeton University
Press.

Audero, E., Mlinar, B., Baccini, G., Skachokova, Z.K., Corradetti, R., Gross, C.,
2013. Suppression of Serotonin Neuron Firing Increases Aggression in Mice.
J. Neurosci. 33, 8678-8688. doi:10.1523/JNEUROSCI.2067-12.2013

Balment, R.J., Lu, W., Weybourne, E., Warne, J.M., 2006. Arginine vasotocin a key
hormone in fish physiology and behaviour: A review with insights from
mammalian models. Gen. Comp. Endocrinol. 147, 9-16.
doi:10.1016/j.ygcen.2005.12.022

Bernstein, I.S., Gordon, T.P., Rose, R.M., 1983. The Interaction of Hormones, Behav-
ior, and Social Context in Nonhuman Primates, in: Svare, B.B. (Ed.), Hor-
mones and Aggressive Behavior. Springer US, pp. 535-561. doi:10.1007/978-
1-4613-3521-4_20

Birnbaumer, M., 2000. Vasopressin Receptors. Trends Endocrinol. Metab. 11, 406—
410. doi:10.1016/S1043-2760(00)00304-0

Braida, D., Donzelli, A., Martucci, R., Capurro, V., Busnelli, M., Chini, B., Sala, M.,
2012. Neurohypophyseal hormones manipulation modulate social and anxiety-
related behavior in zebrafish. Psychopharmacology (Berl.) 220, 319-330.
d0i:10.1007/s00213-011-2482-2

Bshary, R., 2002. Building up relationships in asymmetric co-operation games be-
tween the cleaner wrasse Labroides dimidiatus and client reef fish. Behav.
Ecol. Sociobiol. 52, 365-371. d0i:10.1007/s00265-002-0527-6

Bshary, R., Grutter, A.S., 2002. Asymmetric cheating opportunities and partner con-
trol in a cleaner fish mutualism. Anim. Behav. 63, 547-555.
doi:10.1006/anbe.2001.1937

Burkett, J.. ., Andari E., Johnson Z. V., Curry D. C., de Waal F.B. M., Young L. J.,
2016. Oxytocin-dependent consolation behavior in rodents. Science 351, 375-
378. doi:10.1126/science.aad5513

Campbell, A., 2008. Attachment, aggression and affiliation: The role of oxytocin in
female social behavior. Biol. Psychol. 77, 1-10.
doi:10.1016/j.biopsycho.2007.09.001

Cardoso, S.C., Paitio, J.R., Oliveira, R.F., Bshary, R., Soares, M.C., 2015. Arginine
vasotocin reduces levels of cooperative behaviour in a cleaner fish. Physiol.
Behav. 139, 314-320. doi:10.1016/j.physbeh.2014.11.052

Coccaro EF, Kavoussi RJ, 1997. FLuoxetine and impulsive aggressive behavior in
personality-disordered subjects. Arch. Gen. Psychiatry 54, 1081-1088.
doi:10.1001/archpsyc.1997.01830240035005

Crockford, C., Wittig, R.M., Langergraber, K., Ziegler, T.E., Zuberbihler, K.,
Deschner, T., 2013. Urinary oxytocin and social bonding in related and unre-
lated wild chimpanzees. Proc. R. Soc. B Biol. Sci. 280, 20122765.
d0i:10.1098/rspb.2012.2765

Cushing, B.S., Martin, J.O., Young, L.J., Carter, C.S., 2001. The Effects of Peptides
on Partner Preference Formation Are Predicted by Habitat in Prairie VVoles.
Horm. Behav. 39, 48-58. doi:10.1006/hbeh.2000.1633

Dennis, R.L., Fahey, A.G., Cheng, H.W., 2013. Alterations to Embryonic Serotonin
Change Aggression and Fearfulness. Aggress. Behav. 39, 91-98.
d0i:10.1002/ab.21459

Dewan, A.K., Tricas, T.C., 2011. Arginine vasotocin neuronal phenotypes and their
relationship to aggressive behavior in the territorial monogamous multiband



butterflyfish, Chaetodon multicinctus. Brain Res. 1401, 74-84.
doi:10.1016/j.brainres.2011.05.029

Donaldson, Z.R., Young, L.J., 2016. The Neurobiology and Genetics of Affiliation
and Social Bonding in Animal Models, in: Gewirtz, J.C., Kim, Y.-K. (Eds.),
Animal Models of Behavior Genetics, Advances in Behavior Genetics.
Springer New York, pp. 101-134. doi:10.1007/978-1-4939-3777-6_4

Fuchs, A.-R., Fuchs, F., 1984. Endocrinology of human parturition: a review. BJOG
Int. J. Obstet. Gynaecol. 91, 948-967. d0i:10.1111/].1471-
0528.1984.th03671.x

Fuchs, A.R., Fuchs, F., Husslein, P., Soloff, M.S., Fernstrom, M.J., 1982. Oxytocin
receptors and human parturition: a dual role for oxytocin in the initiation of
labor. Science 215, 1396-1398. doi:10.1126/science.6278592

Godwin, J., Thompson, R., 2012. Nonapeptides and Social Behavior in Fishes. Horm.
Behav. 61, 230-238. doi:10.1016/j.yhbeh.2011.12.016

Goodson, J.L., Bass, A.H., 2001. Social behavior functions and related anatomical
characteristics of vasotocin/vasopressin systems in vertebrates. Brain Res.
Rev. 35, 246-265. doi:10.1016/S0165-0173(01)00043-1

Gozdowska, M., Kleszczynska, A., Sokotowska, E., Kulczykowska, E., 2006. Argi-
nine vasotocin (AVT) and isotocin (IT) in fish brain: Diurnal and seasonal
variations. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 143, 330-334.
doi:10.1016/j.cbpb.2005.12.004

Greenwood, A.K., Wark, A.R., Fernald, R.D., Hofmann, H.A., 2008. Expression of
arginine vasotocin in distinct preoptic regions is associated with dominant and
subordinate behaviour in an African cichlid fish. Proc. R. Soc. Lond. B Biol.
Sci. 275, 2393-2402. doi:10.1098/rspb.2008.0622

Grinevich, V., Knobloch-Bollmann, H.S., Eliava, M., Busnelli, M., Chini, B., 2016.
Assembling the Puzzle: Pathways of Oxytocin Signaling in the Brain. Biol.
Psychiatry, Oxytocin and Psychiatry: From DNA to Social Behavior 79, 155—
164. doi:10.1016/j.biopsych.2015.04.013

Grutter, A., Pankhurst, N.W., 2000. The effects of capture, handling, confinement and
ectoparasite load on plasma levels of cortisol, glucose and lactate in the coral
reef fish Hemigymnus melapterus. J. Fish Biol. 57, 391-401.
doi:10.1006/jfbi.2000.1312

Grutter, A.S., 2001. Parasite infection rather than tactile stimulation is the proximate
cause of cleaning behaviour in reef fish. Proc. R. Soc. B Biol. Sci. 268, 1361—
1365. doi:10.1098/rspb.2001.1658

Grutter, A.S., 2000. Ontogenetic variation in the diet of the cleaner fish Labroides
dimidiatus and its ecological consequences. Mar. Ecol.-Prog. Ser. 197, 241
246.

Grutter, A.S., 1999. Cleaner fish really do clean. Nature 398, 672—673.

Grutter, A.S., 1994. Spatial and temporal variations of the ectoparasites of seven reef
fish species from Lizard Island and Heron Island, Australia. Mar. Ecol. Prog.
Ser. 115, 21-30.

Hanninen, L., Pastell, M., 2009. CowLog: Open-source software for coding behaviors
from digital video. Behav. Res. Methods 41, 472-476.
doi:10.3758/BRM.41.2.472

Higley, J.D., King Jr., S.T., Hasert, M.F., Champoux, M., Suomi, S.J., Linnoila, M.,
1996. Stability of interindividual differences in serotonin function and its rela-
tionship to severe aggression and competent social behavior in Rhesus Ma-
caque females. Neuropsychopharmacology 14, 67—76. doi:10.1016/S0893-
133X(96)80060-1



Huber, R., Smith, K., Delago, A., Isaksson, K., Kravitz, E.A., 1997. Serotonin and
aggressive motivation in crustaceans: altering the decision to retreat. Proc.
Natl. Acad. Sci. 94, 5939-5942.

Insel, T.R., 1997. A neurobiological basis of social attachment. Am. J. Psychiatry
154, 726-735.

Insel, T.R., Hulihan, T.J., 1995. A gender-specific mechanism for pair bonding: oxy-
tocin and partner preference formation in monogamous voles. Behav. Neuro-
sci. 109, 782-7809.

Johnston, C.1., Newman, M., Woods, R., 1981. State of the Art Review: Role of Vas-
opressin in Cardiovascular Homeostasis and Hypertension. Clin. Sci. 61,
129s-139s. d0i:10.1042/cs061129s

Jones, C.M., Grutter, A.S., 2005. Parasitic isopods (Gnathia sp.) reduce haematocrit in
captive blackeye thicklip (Labridae) on the Great Barrier Reef. J. Fish Biol.
66, 860—864.

Jonnakuty, C., Gragnoli, C., 2008. What do we know about serotonin? J. Cell. Phys-
iol. 217, 301-306. doi:10.1002/jcp.21533

Kiser, D., SteemerS, B., Branchi, I., Homberg, J.R., 2012. The reciprocal interaction
between serotonin and social behaviour. Neurosci. Biobehav. Rev. 36, 786—
798. doi:10.1016/j.neubiorev.2011.12.009

Kleszczynska, A., Vargas-Chacoff, L., Gozdowska, M., Kalamarz, H., Martinez-
Rodriguez, G., Mancera, J.M., Kulczykowska, E., 2006. Arginine vasotocin,
isotocin and melatonin responses following acclimation of gilthead sea bream
(Sparus aurata) to different environmental salinities. Comp. Biochem. Physiol.
A. Mol. Integr. Physiol. 145, 268-273. doi:10.1016/j.cbpa.2006.06.037

Kline, R.J., O’Connell, L.A., Hofmann, H.A., Holt, G.J., Khan, I.A., 2011. The distri-
bution of an AVT V1a receptor in the brain of a sex changing fish, Epineph-
elus adscensionis. J. Chem. Neuroanat. 42, 72—88.
doi:10.1016/j.jchemneu.2011.06.005

Konno, N., Kurosawa, M., Kaiya, H., Miyazato, M., Matsuda, K., Uchiyama, M.,
2010. Molecular cloning and characterization of VV2-type receptor in two ray-
finned fish, gray bichir, Polypterus senegalus and medaka, Oryzias latipes.
Peptides 31, 1273-1279. doi:10.1016/j.peptides.2010.04.014

Kuepper, Y., Alexander, N., Osinsky, R., Mueller, E., Schmitz, A., Netter, P., Hennig,
J., 2010. Aggression—Interactions of serotonin and testosterone in healthy
men and women. Behav. Brain Res. 206, 93-100.
d0i:10.1016/j.bbr.2009.09.006

Landgraf, R., Neumann, I.D., 2008. Advances in VVasopressin and Oxytocin - From
Genes to Behaviour to Disease. Elsevier.

Larson, E.T., Summers, C.H., 2001. Serotonin reverses dominant social status. Behav.
Brain Res. 121, 95-102. doi:10.1016/S0166-4328(00)00393-4

Lema, S.C., Slane, M.A., Salvesen, K.E., Godwin, J., 2012. Variation in gene tran-
script profiles of two V1a-type arginine vasotocin receptors among sexual
phases of bluehead wrasse (Thalassoma bifasciatum). Gen. Comp. Endocrinol.
179, 451-464. doi:10.1016/j.ygcen.2012.10.001

Leysen, J.E., Niemegeers, C.J., Nueten, J.M.V., Laduron, P.M., 1982. [3H]Ketanserin
(R 41 468), a selective 3H-ligand for serotonin2 receptor binding sites. Bind-
ing properties, brain distribution, and functional role. Mol. Pharmacol. 21,
301-314.

Liechti, M.E., Saur, M.R., Gamma, A., Hell, D., Vollenweider, F.X., 2000. Psycho-
logical and physiological effects of MDMA (“Ecstasy”) after pretreatment



with the 5-HT2 antagonist ketanserin in healthy humans. Neuropsychophar-
macology 23, 396-404.

Lindeyer, C.M., Langen, E.M.A., Swaney, W.T., Reader, S.M., 2015. Nonapeptide
influences on social behaviour: effects of vasotocin and isotocin on shoaling
and interaction in zebrafish. Behaviour 152, 897-915. doi:10.1163/1568539X-
00003261

Lukas, M., Toth, 1., Reber, S.O., Slattery, D.A., Veenema, A.H., Neumann, I.D.,
2011. The Neuropeptide Oxytocin Facilitates Pro-Social Behavior and Pre-
vents Social Avoidance in Rats and Mice. Neuropsychopharmacology 36,
2159-2168. doi:10.1038/npp.2011.95

Manning, M., Misicka, A., Olma, A., Bankowski, K., Stoev, S., Chini, B., Durroux,
T., Mouillac, B., Corbani, M., Guillon, G., 2012. Oxytocin and Vasopressin
Agonists and Antagonists as Research Tools and Potential Therapeutics: Oxy-
tocin and vasopressin agonists and antagonists. J. Neuroendocrinol. 24, 609—
628. doi:10.1111/j.1365-2826.2012.02303.x

Mendonca, R., Soares, M.C., Bshary, R., Oliveira, R.F., 2013. Arginine Vasotocin
Neuronal Phenotype and Interspecific Cooperative Behaviour. Brain. Behav.
Evol. 82, 166-176. doi:10.1159/000354784

Montoya, E.R., Terburg, D., Bos, P.A., Honk, J. van, 2012. Testosterone, cortisol, and
serotonin as key regulators of social aggression: A review and theoretical per-
spective. Motiv. Emot. 36, 65-73. d0i:10.1007/s11031-011-9264-3

O’Connell, L.A., Hofmann, H.A., 2011. Genes, hormones, and circuits: An integra-
tive approach to study the evolution of social behavior. Front. Neuroendo-
crinol. 32, 320-335. doi:10.1016/j.yfrne.2010.12.004

O’Connor, C.M., Marsh-Rollo, S.E., Aubin-Horth, N., Balshine, S., 2016. Species-
specific patterns of nonapeptide brain gene expression relative to pair-bonding
behavior in grouping and non-grouping cichlids. Horm. Behav. 80, 30-38.
d0i:10.1016/j.yhbeh.2015.10.015

Odendaal, J.S.J., Meintjes, R.A., 2003. Neurophysiological Correlates of Affiliative
Behaviour between Humans and Dogs. Vet. J. 165, 296-301.
d0i:10.1016/S1090-0233(02)00237-X

Oliveira, R.F., 2009. Social behavior in context: Hormonal modulation of behavioral
plasticity and social competence. Integr. Comp. Biol. 49, 423-440.
doi:10.1093/icb/icp055

Parker, S.L., Armstrong, W.E., Sladek, C.D., Grosvenor, C.E., Crowley, W.R., 1991.
Prolactin Stimulates the Release of Oxytocin in Lactating Rats: Evidence for a
Physiological Role via an Action at the Neural Lobe. Neuroendocrinology 53,
503-510. d0i:10.1159/000125764

Perreault, H.A.N., Semsar, K., Godwin, J., 2003. Fluoxetine treatment decreases terri-
torial aggression in a coral reef fish. Physiol. Behav. 79, 719-724.
d0i:10.1016/S0031-9384(03)00211-7

Perrone, R., Batista, G., Lorenzo, D., Macadar, O., Silva, A., 2010. VVasotocin Actions
on Electric Behavior: Interspecific, Seasonal, and Social Context-Dependent
Differences. Front. Behav. Neurosci. 4. doi:10.3389/fnbeh.2010.00052

Phelps, S.M., Young, L.J., 2003. Extraordinary diversity in vasopressin (\V1a) recep-
tor distributions among wild prairie voles (Microtus ochrogaster): Patterns of
variation and covariation. J. Comp. Neurol. 466, 564-576.
doi:10.1002/cne.10902

Potts, G.W., 1973. The ethology of< i> Labroides dimidiatus</i>(cuv. &
val.)(Labridae, Pisces) on Aldabra. Anim. Behav. 21, 250-291.



Reddon, A.R., O’Connor, C.M., Marsh-Rollo, S.E., Balshine, S., 2012. Effects of
isotocin on social responses in a cooperatively breeding fish. Anim. Behav.
84, 753-760. d0i:10.1016/j.anbehav.2012.07.021

Reddon, A.R., Voisin, M.R., O’Connor, C.M., Balshine, S., 2014. Isotocin and social-
ity in the cooperatively breeding cichlid fish, Neolamprologus pulcher. Behav-
iour 151, 1389-1411. doi:10.1163/1568539X-00003190

Reeder, D.M., Kramer, K.M., 2005. Stress in free-ranging mammals: integrating
physiology, ecology, and natural history. J. Mammal. 86, 225-235.
doi:10.1644/BHE-003.1

Ricklefs, R.E., Wikelski, M., 2002. The physiology/life-history nexus. Trends Ecol.
Evol. 17, 462—468. doi:10.1016/S0169-5347(02)02578-8

Santangelo, N., Bass, A.H., 2006. New insights into neuropeptide modulation of ag-
gression: field studies of arginine vasotocin in a territorial tropical damselfish.
Proc. R. Soc. B Biol. Sci. 273, 3085-3092. doi:10.1098/rspb.2006.3683

Schrier, R.W., 2006. Water and Sodium Retention in Edematous Disorders: Role of
Vasopressin and Aldosterone. Am. J. Med. 119, S47-S53.
doi:10.1016/j.amjmed.2006.05.007

Semsar, K., Kandel, F.L.M., Godwin, J., 2001. Manipulations of the AVT System
Shift Social Status and Related Courtship and Aggressive Behavior in the
Bluehead Wrasse. Horm. Behav. 40, 21-31. doi:10.1006/hbeh.2001.1663

Soares, M.C., Bshary, R., Mendonga, R., Grutter, A.S., Oliveira, R.F., 2012. Arginine
Vasotocin Regulation of Interspecific Cooperative Behaviour in a Cleaner
Fish. PLoS ONE 7, e39583. doi:10.1371/journal.pone.0039583

Soares, M.C., Cardoso, S.C., Grutter, A.S., Oliveira, R.F., Bshary, R., 2014. Cortisol
mediates cleaner wrasse switch from cooperation to cheating and tactical de-
ception. Horm. Behav. 66, 346—350. doi:10.1016/j.yhbeh.2014.06.010

Soares, M.C., Oliveira, R.F., Ros, A.F.H., Grutter, A.S., Bshary, R., 2011. Tactile
stimulation lowers stress in fish. Nat. Commun. 2, 534.
doi:10.1038/ncomms1547

Stoop, R., 2012. Neuromodulation by Oxytocin and Vasopressin. Neuron 76, 142—
159. doi:10.1016/j.neuron.2012.09.025

Summers, C.H., Korzan, W.J., Lukkes, J.L., Watt, M.J., Forster, G.L., @verli, @.,
Hoglund, E., Larson, E.T., Ronan, P.J., Matter, J.M., Summers, T.R., Renner,
K.J., Greenberg, N., 2005. Does Serotonin Influence Aggression? Comparing
Regional Activity before and during Social Interaction. Physiol. Biochem. Zo-
ol. 78, 679-694. doi:10.1086/432139

Taborsky, B., Oliveira, R.F., 2012. Social competence: an evolutionary approach.
Trends Ecol. Evol. 27, 679-688. doi:10.1016/j.tree.2012.09.003

Thompson, R.R., Walton, J.C., 2004. Peptide Effects on Social Behavior: Effects of
Vasotocin and Isotocin on Social Approach Behavior in Male Goldfish
(Carassius auratus). Behav. Neurosci. 118, 620-626. doi:10.1037/0735-
7044.118.3.620

Triki, Z., Grutter, A.S., Bshary, R., Ros, A.F.H., 2016. Effects of short-term exposure
to ectoparasites on fish cortisol and hematocrit levels. Mar. Biol. 163.
doi:10.1007/s00227-016-2959-y

Weinberger Il, J., Klaper, R., 2014. Environmental concentrations of the selective
serotonin reuptake inhibitor fluoxetine impact specific behaviors involved in
reproduction, feeding and predator avoidance in the fish Pimephales promelas
(fathead minnow). Aquat. Toxicol., Antidepressants in the Aquatic Environ-
ment 151, 77-83. doi:10.1016/j.aquatox.2013.10.012



Whitaker, K.W., Neumeister, H., Huffman, L.S., Kidd, C.E., Preuss, T., Hofmann,
H.A., 2011. Serotonergic modulation of startle-escape plasticity in an African
cichlid fish: a single-cell molecular and physiological analysis of a vital neural
circuit. J. Neurophysiol. 106, 127-137. doi:10.1152/jn.01126.2010

Wingfield, J.C., Maney, D.L., Breuner, C.W., Jacobs, J.D., Lynn, S., Ramenofsky,
M., Richardson, R.D., 1998. Ecological Bases of Hormone—Behavior Interac-
tions: The “Emergency Life History Stage.” Am. Zool. 38, 191-206.
doi:10.1093/ich/38.1.191

Winslow, J.T., Insel, T.R., 1991. Social status in pairs of male squirrel monkeys de-
termines the behavioral response to central oxytocin administration. J. Neuro-
sci. 11, 2032—-2038.

Young, S.N., 2013. The effect of raising and lowering tryptophan levels on human
mood and social behaviour. Philos. Trans. R. Soc. B Biol. Sci. 368, 20110375.
d0i:10.1098/rsth.2011.0375



Figure 1

«

i
> ENPE >

<€

Non-(.lleaner Middle Area Cleaner Side
Side
Figure 2
*

4>'<' No Par. =Tank
v control T KET MC AVT .
c . . with no
c §- 100- | | | | . : | parasites
)
% S 75= | Par. = Tank with
UEJ © parasites
'_;E 50—--...--.---.._-.___..._-.___...-_.___..__.
“- 0
0c
v3 25- —
¥ - T T
5 E 0= | [ |
o+ I 1 [ [ | [ 1 [ [ I
v No Par. Par.  No Par. Par.  NoPar. Par.  No Par. Par.  No Par. Par.



Figure 3

n.s. (a) n.s. (b)
® 100+
‘ T w [
w 750 - | S 5
£ 5 o B 75+
[ T) U —=
g3 E 2
< § °007 5 % 50-
c 5 S =
op £ 5
® & 250+ s & 25-
a fag=
| ! ' | =8 | I
0- s 04
I I I I I I 1 I I ]
control IT KET MC AVT control IT KET MC AVT
Figure 4
* n.s.
N.S. 1 . (c]
3 spontaneous  (a) unprovoked (o) o provoked
5 - J EEATOO--& = e @
9 . TR
w13 S 2y 75-
g : 5EE
5 %69 50- oo | 0
8 PR Ee g
8 . : . 5cG 2-
9 . ’ G O T T
U - e e b e i (=] -t ﬂ-g 0--o|— voao oL
ol | 1 | | 1 | | | I I
< control IT KET MC AVT control IT KET MC AVT ¢ control IT KET MC AVT



Highlights

e In the marine cleaning mutualism, we exogenously manipulated three neu-
romodulator systems to study client fish interspecific behaviour

e Agonist and antagonist of vasotocin enhance clients’ willingness to choose
cleaner wrasse over a non-cleaner wrasse

e The serotonin 5HT 2A/2C receptors antagonist ketanserin KET increased cli-
ents’ intolerance to cleaners proximity

e The isotocin system had no role suggesting its exclusive role in an intraspecif-

ic context



